ABSTRACT-Acute lung injury (ALI) is characterized by rapid alveolar injury, vascular leakage, lung inflammation, neutrophil accumulation, and induced cytokines production leading to lung edema. The mortality rate of patients suffering from ALI remains high. Epoxyeicosatrienoic acids (EETs) are cytochrome P450-dependent derivatives of polyunsaturated fatty acid with antihypertensive, profibrinolytic, and anti-inflammatory functions. EETs are rapidly hydrated by soluble epoxide hydrolase (sEH) to their less potent diols. The aim of this study was to investigate the role of sEH inhibitor trifluoromethoxyphenyl propionylpiperidin urea (TPPU) and EETs in lipopolysaccharide (LPS)-induced ALI of mice. Our studies revealed that inhibition of sEH with TPPU attenuated the morphological changes in mice, decreased the neutrophil infiltration to the lung, pro-inflammatory cytokine levels (IL-1b and TNF-a) in serum and bronchoalveolar lavage fluid (BALF), and alveolar capillary leakage (lung wet/dry ratio and total protein concentration in BALF). TPPU improved the survival rate of LPSinduced ALI. In addition, in vitro experiments revealed that both TPPU and EETs (11, suppressed the expression of IL-1b and TNF-a, and LDH release in RAW264.7 cells. These results indicate that EETs play a role in dampening LPS-induced acute lung inflammation, and suggest that sEH could be a valuable candidate for the treatment of ALI.
INTRODUCTION
Acute lung injury (ALI) and its severe form acute respiratory distress syndrome (ARDS) continue to be major causes of mortality in the intensive care units (ICU). ALI is characterized by pulmonary edema, inflammation, intrapulmonary hemorrhage, and severely impaired gas exchange (1) . Many conditions, such as sepsis, pancreatitis, multiple trauma, pneumonia, lung transplantation, or inhalation of injurious gases, can lead to ALI (2) . Although ventilation with low tidal volume, early neuromuscular blockade, and prone positioning have been shown to reduce mortality of ARDS, the mortality of overall ARDS in ICU and hospital remain 42.7% and 47.8%, respectively (3) . To date, no pharmacotherapy has proven effective in decreasing mortality in adult patients with ARDS.
The pathophysiology of ALI/ARDS involves inflammation with diffuse cellular damage, increased capillary permeability, interstitial edema, and influx of circulating inflammatory cells (4) . Proinflammatory cytokines, such as interleukin (IL)-1b and tumor necrosis factor (TNF)-a, are elevated in ALI/ARDS patients. These cytokines activate neutrophils, which release oxidants, proteases, leukotrienes, and platelet-activating factors, resulting in the development of ALI/ARDS (5) .
Eicosanoids play vital roles in physiology including vasodilatory, anti-inflammatory, and anti-apoptotic function. Cytochrome P450 oxidases metabolize arachidonic acid, one of the polyunsaturated fatty acids (PUFAs), into several products, including epoxyeicosatrienoic acids (EETs). There are four regioisomeric EETs: 5,6-EET, 8,9-EET, 11,12-EET and 14,15-EET. EETs exert anti-inflammatory, antifibrotic, antihypertensive effect, acting in both autocrine and paracrine manners (6) . However, once formed, EETs are rapidly hydrolyzed in vivo by epoxide hydrolases, primarily soluble epoxide hydrolase (sEH) in the cytosol, to their corresponding less potent 1,2-diols, termed dihydroxyeicosatrienoic acids. Pharmacological inhibition of sEH, such as 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU) (7) and trans-4-{4-[3-(4-trifluoromethoxy-phenyl)-ureido]-cyclohexyloxy}-benzoic acid (tTUCB) (8) , increases EETs levels in tissues and plasma, potentiates the effects of EETs, and thus elicits antihypertensive and anti-inflammatory effect. Recently, studies reported inhibition of sEH enzyme has beneficial effects on cardiovascular disorders, including ischemia-reperfusion, heart failure, and atherosclerosis (9) .
A line of studies has demonstrated that EETs play an important role in pulmonary physiology and pathology. Our previous study found that TPPU attenuates bleomycin-induced inflammation and collagen deposition, and therefore prevents bleomycininduced pulmonary fibrosis in a murine model (10) . The administration of tTUCB attenuates allergic airway inflammation and airway responsiveness in a murine model (11) . In addition, inhibition of sEH attenuates inflammation associated with acute exposure to tobacco smoke (12) . So inhibition of sEH may be a therapeutic target for pulmonary diseases. But, the effect of sEH inhibitor or EETs on murine ALI remains unknown.
Intratracheal instillation of lipopolysaccharide (LPS), a bacterial cell wall component, to rodents is a well-accepted and common experimental model for ALI (13) . Therefore, we hypothesize that inhibitor of sEH attenuates LPS-induced ALI in mice via increasing the levels of EETs. In this study, we used this model of ALI to investigate the effect of sEH inhibitor on ALI in mice. In addition, we tested TPPU and EETs on LPS-challenged mouse macrophage cell to study the mechanism how TPPU and EETs attenuate LPS-induced lung injury.
MATERIALS AND METHODS

Animal
Adult male C57BL/6 mice were provided by the laboratory animal unit of Central South University. Mice were maintained in a temperature (22-248C), humidity (55% AE 5%), and 12 h dark/light cycle condition, and were provided free access to water and food. Experimental use of mice in the present study was performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the animal protocol was approved by the institutional animal care committee of Xiangya Medical College.
Lipid mediator analysis in blood
The profiles of lipid mediators were measured using the LC/MS/MS method as previously published (14) . Aliquots of plasma (250 mL) were used for the measurements after solid phase extraction protocol.
In vivo treatments
Mice were randomly divided into three groups: control group, ALI þ vehicle group, and ALI þ TPPU group. The mouse model of ALI was established by an intratracheal injection of O111:B4 LPS from Escherichia coli (5 mg/kg) in 50 mL sterile saline according to a previous published protocol (15) . All surgeries were performed under anesthesia with pentobarbital sodium (50 mg/kg). TPPU (1 mg/kg, in 0.5% EtOH) was administered by intraperitoneal injection 3 h before the LPS injection. The mice were sacrificed 6 h after the LPS injection (Fig. 1) .
Lung histology and injury score analysis
Right lung lobes were used for histological evaluation. Lungs were fixed in 10% formalin for 48 h, embedded in paraffin, cut into 5 mm section, and then stained with hematoxylin-eosin (HE). HE staining was done by deparafinizing and hydrating the slides to water. Slides were stained with Harris hematoxylin for 15 min and eosin for 30 s. Slides were dehydrated, cleared, and mounted with Cytoseal. A designated scoring system to quantify the extent of histological lung injury in animals was used to assess lung injury (16) . Lung injury score was measured by two blinded pathologists. Five independent variables were evaluated with a 0 to 4-point scale. The five variables were neutrophils in the alveolar space, hemorrhage, hyaline membranes, pertinacious debris filling the airspaces, and septal thickening. A score of 0 represented no damage; l represented mild damage; 2 represented moderate damage; 3 represented severe damage; and 4 represented very severe histological changes.
Collection of BALF and cell counting
Mice were anesthetized with pentobarbital sodium before sacrifice. The trachea was cannulated, and the lungs were thrice lavaged with 0.8 mL cooled sterile saline to obtain bronchoalvelar lavage fluid (BALF). The recovery of the total lavage exceeded 95%. The samples collected were centrifuged (2,000 rpm for 10 min) and cell pellets were resuspended in 0.5 mL PBS for cell counts. Total cells and differential leukocyte counts were counted double-blindly with hemocytometer and Wright-Giemsa staining of cytospin preparations, respectively. The cell-free supernatant was aliquoted and stored at À808C for cytokine detection.
Myeloperoxidase (MPO) activity assay
After sacrifice of the mice, the left upper lobe was removed, washed, and kept in À808C. Then, after weighing, the lungs were homogenized, centrifuged, and resuspended in ice-cold phosphate buffer (50 mM, pH 6.0) containing 0.5% of hexadecyltrimethylammonium bromide. The suspension was freeze-thawed, sonicated, and centrifuged. 10 mL of the supernatant was added to 290 mL H 2 O 2 /o-dianisidine buffer. The kinetics of absorbance change was measured at 460 nm with a spectrophotometer (Thermo Fisher Scientific, Waltham, Mass, USA). Results are expressed as units of myeloperoxidase (MPO) activity per gram of lung tissue.
Lactate dehydrogenase (LDH) activity assay
Lactate dehydrogenase (LDH) is a cytoplasmic enzyme, which is released when plasmatic membrane damage occurs. We determined the LDH activity in BALF and serum of mice, or the supernatant of the cell culture. LDH activity was determined using a Sigma Tox-7 toxicology kit and reported as the amount of LDH activity in the medium.
Lung wet/dry weight ratio and protein in BALF
The severity of pulmonary edema was assessed by the wet/dry ratio (W/D ratio). The whole lung was weighed immediately after removal (wet weight). Then, the lung was dehydrated at 808C for 48 h in an oven and reweighed (dry weight). The wet/dry ratio was calculated as the ratio of the wet weight to the dry weight. BALF protein concentrations were determined by BCA kit (SigmaAldrich, St. Louis, Mo, USA) using BSA as a standard.
Western blotting
Lung tissues were homogenized and boiled for 10 min at 1008C. Fifty micrograms of total protein for each sample was loaded and separated on 12% SDS-PAGE gel. They were then transferred to a PVDF membrane at 280 mA for 2 h. The membrane was blocked in 5% fat-free milk at room temperature and immunoblotted overnight at 48C with primary antibody against I-kB (1:1,000, Beyotime Biotechnology, Jiangsu, China) and b-actin (1:1,000, CST, Danvers, Mass, USA) as the internal standard. After washed with TBST, the membrane was incubated with horseradish peroxidase-conjugated secondary antibody at room temperature for 2 h. After washed with TBST, the immune complexes were visualized by enhanced chemiluminescent detection (Millipore, Billerica, Mass, USA) using ChemiDoc XRC (Bio-Rad, Richmond, Calif, USA).
Measurement of survival rate in mice
Survival rate is a key indication of therapeutic benefit of TPPU. C57BL/6 mice were used to evaluate survival rate. Our pilot studies demonstrated that LPS at 5 mg/kg (it) caused low death of the mice. According to the report (17) , mice were given a lethal dose of O111:B4 LPS from Escherichia coli (40 mg/kg, intraperitoneal, Sigma-Aldrich, St. Louis, Mo, USA) to induce endotoxemia. Sixty mice were divided randomly into three groups (each group: n ¼ 20): control group, ALI þ vehicle group, and ALI þ TPPU group. TPPU was administered at a dose of 1 mg/kg 3 h prior to the LPS injection. Control group mice were given saline injection. All mice were observed every 4 h for 72 h.
Cell culture and treatment RAW264.7 is a murine macrophage cell line. RAW264.7 was maintained in culture in DMEM medium with 10% FBS at 378C in a humidified 5% CO 2 incubator. In order to test whether the TPPU or EETs attenuated LPS-induced inflammation in murine macrophage, TPPU (0.1% DMSO, 0.1, 1, 10 mM) or EET (11,12-EET, 14,15-EET, 1 mM, Cayman Chemical, Ann Arbor, Mich, USA) was added 30 min before LPS stimulation. After 6 h, the supernatant of culture was collected to test inflammatory cytokine content or LDH, and the cell was collected to test mRNA expression of cytokine.
Enzyme-linked immunosorbent assay (ELISA)
The BALF or cell culture supernatant was collected and stored at À808C before cytokine assay. IL-1b and TNF-a levels in BALF were quantified using a murine ELISA kit (R&D Systems, Minneapolis, Minn, USA) according to the manufacturer's recommendations.
Total RNA extraction and real-time PCR
Total RNA of lung tissues or murine macrophage was extracted using TRIzol reagent (Invitrogen, Carlsbad, Calif, USA) and was quantified by spectrophotometric analysis using an ultraviolet spectrophotometer (Thermo Fisher Scientific, Waltham, Mass, USA). The generation of cDNA from RNA (2 mg) was performed using RevertAidTM Reverse Transcriptase (Thermo Fisher Scientific, Waltham, Mass, USA) and random hexamer primers according to the manufacturer's instructions. Real-time PCR of cDNA was performed using the iTaq Universal SYBR Green Supermix (Bio-Rad, Richmond, Calif, USA). The sequences of the specific primers were as follows: IL-1b (forward) 
Statistical analysis
Data are expressed as mean AE SD. Statistical analysis was performed with SPSS17.0. Statistical comparisons among the groups were assessed by one-way analysis of variance. When F ratios were significant (P <0.05), Tukey-Kramer post hoc test, or log-rank (Mantel-Cox) test was performed (between group comparison). Survival rate was evaluated by the Kaplan-Meier test. P <0.05 was considered a statistically significant.
RESULTS
TPPU attenuated LPS-induced lung morphological injury
Firstly, we test the 14,15-EET level in the serum of mice. We found TPPU significantly increased 14,15-EET concentration in serum of mice ( Fig. 2A, P <0.05) . Then, HE staining and lung injury score system were used in this study to assess the pathological changes. Six hours after the LPS injection, we found notable inflammatory cell infiltration, interstitial edema, interalveolar and interstitial patchy hemorrhage, and interalveolar septal thickening. TPPU treatment attenuated the pathological changes in the lung tissues (Fig. 2B) . Accordingly, TPPU treatment significantly decreased the lung injury score compared with the ALI group (Fig. 2C , P <0.01).
TPPU decreased inflammatory cell infiltration in lung
The number of total cells, macrophages, and neutrophils in BALF was analyzed 6 h after LPS administration. The results showed that the number of total cells, macrophages, and neutrophils increased significantly in ALI group, compared with the control group (P <0.01). TPPU treatment significantly decreased the number of total cells, macrophages, and neutrophils in BALF (Fig. 3 ,A-C, P <0.01). MPO is an enzyme expressed abundantly in neutrophil. An increased MPO activity is suggestive of neutrophil accumulation in the lung. Consistent with the changes of neutrophil number in BALF, LPS administration significantly increased MPO activity compared with control group (P <0.01). TPPU treatment significantly inhibited LPS-induced MPO activity (Fig. 3D, P <0 .01).
TPPU ameliorated LPS-induced lung edema and vascular leakage
The mice-received LPS injection showed higher W/D ratio than in control group (P <0.05). Nevertheless, W/D significantly decreased in TPPU treatment group (Fig. 4A, P <0.05) .
Increased microvascular lung permeability is a cardinal feature of ALI. LPS significantly increased protein levels in BALF of ALI (P <0.05). TPPU treatment decreased the protein concentration in BALF of LPS-challenged mice ( Fig. 4B, P <0.05) . Therefore, TPPU attenuates LPS-induced edema and vascular leakage in murine model of ALI.
TPPU attenuated cell injury and pro-inflammatory cytokine release in LPS-induced mice Extracellular LDH can indicate the integrity of cell membrane or cell injury (10) . IL-1b and TNF-a are the critical proinflammatory cytokines in the development of ALI. Thus, we next tested whether TPPU can attenuate LPS-induced cell injury and pro-inflammatory cytokine release in ALI mice. The results showed that ALI mice demonstrated a significant increase of LDH activity, IL-1b, and TNF-a in BALF after LPS challenge (P <0.05). TPPU decreased the LDH activity levels to normal in BALF and serum (Fig. 5, A and B, P <0.05) . TPPU also decreased the IL-1b and TNF-a mRNA in lung tissue, and their protein content in BALF (Fig. 5 , C-F, P <0.05). These results indicate that TPPU attenuates LPS-induced cell injury and pro-inflammatory cytokine release.
TPPU improved the survival rate of ALI mice stimulated with LPS
As a key indication of therapeutic benefit of TPPU, the survival rate was examined in mice. Mice were given a lethal dose of LPS (40 mg/kg, intraperitoneal injection) to induce endotoxemia. The body weight was not significantly different among the three groups ( Fig. 6A, P >0.05) . Only 25% of the LPS-stressed mice survived for 72 h in ALI group. The survival rate of the TPPU treatment group improved significantly reaching to 75% (Fig. 6B, P <0 .01).
TPPU inhibited I-kB degradation in LPS-stimulated mice
The NF-kB pathway plays a vital role in the pathological process of ALI. We investigated the effect of TPPU on the activation of NF-kB pathway. LPS treatment (1 mg/mL) for 6 h promoted the degradation of I-kB in the lung of mice (P <0.05). TPPU inhibited the degradation of I-kB ( Fig. 6C, P <0.05 ). This result indicates that TPPU attenuates LPS-induced ALI in mice via suppressing NF-kB pathway.
TPPU attenuated inflammatory injury in LPS-challenged murine macrophage
To verify the effect of sEH inhibitor on inflammation, we investigated the role of TPPU in LPS-challenged murine macrophage. We found LPS treatment (1 mg/mL) for 6 h increased the IL-1b and TNF-a expression, and LDH release (P <0.05). Pretreatment of TPPU attenuated the inflammatory injury in a dose-dependent manner (Fig. 7, P <0 .05).
EETs attenuated inflammatory injury in LPS-challenged murine macrophage
We have reported TPPU increased EETs levels in plasma of mice (10) . Further, we questioned whether EETs suppressed inflammation induced by LPS. We found both 11,12-EET and 14,15-EET reduced IL-1b and TNF-a expression, and LDH release in LPS-challenged murine macrophage (Fig. 8 , P <0.05). These results indicate inhibition of sEH results in elevation of EETs and in attenuation of inflammatory injury induced by LPS.
DISCUSSION
Infectious etiologies, such as sepsis and pneumonia, are leading causes of ALI/ARDS. LPS is a component of the gram-negative bacterial cell membrane. LPS has been widely used to induce pulmonary inflammation in animal models of ALI (15) . In this study, administration of LPS induces severe lung injury, with characteristic symptoms of ALI, including excessive leukocyte accumulation, pulmonary edema, and proinflammatory cytokine release. Through these studies, we first demonstrated that inhibition of sEH with TPPU improved the survival rate, attenuated the lung destruction, inhibited inflammatory cell infiltration into lung, and pro-inflammatory cytokines release of LPS-induced ALI in mice. EETs might be the crucial protective factor with the effect of inhibiting inflammation induced by LPS. Notably, inhibitors of sEH could be an efficient therapeutic clinical strategy for ALI.
Our observations are consistent with our hypothesis that EETs, derived from arachidonic acid by cytochrome P450, inhibit inflammation induced by LPS, contributing to the protection of sEH inhibitor against ALI in mice. Arachidonic acid is an essential polyunsaturated fatty acid, which exerts a variety of beneficial effects (18) . Accumulated evidence shows that the metabolic network of arachidonic acid is an important part of inflammatory metabolic pathways. Arachidonic acid plays a protective effect on paraquat-induced ALI in mice, and arachidonic acid attenuates paraquat intoxication through antioxidant and anti-inflammatory effects (19) . Arachidonic acid exerts their biological activities mainly through the formation of bioactive lipid metabolites (20) . However, it has not been elucidated completely which lipid signaling molecule is the essential one in the anti-inflammatory role of arachidonic acid. There are three major pathways within arachidonic acid cascade, such as cyclooxygenase (COX)-derived prostaglandin, lipoxygenase -derived leukotrienes (LTs), and CPY450-derived EETs (20) . The COX-2 metabolite of arachidonic acid, PGE 2 , is widely known to promote inflammation but also to initiate a series of events leading to its resolution. COX-2 inhibitors also have been shown to reduce inflammation, contributing to many inflammatory diseases (21) . The LTs have roles in many disease states involving in acute or chronic inflammation (22) . EETs are autocrine and paracrine lipid signaling molecules produced from arachidonic acid (6) . We have reported that inhibition of sEH with TPPU increased EETs levels in plasma of mice and attenuated blomycin-induced pulmonary fibrosis. The antiinflammation effect of EETs is one of its protective mechanisms (10) . This study provides strong evidence that EETs may be the vital anti-inflammatory metabolites of arachidonic acid.
EETs also exert anti-inflammatory effect in many other disease models. Genetic ablation of sEH or its inhibitor enhances levels of EETs attenuates tubulointerstitial fibrosis and inflammation after unilateral ureteral obstruction (8) . In AngII-induced cardic hypertrophy, sEH inhibitor significantly attenuates cardiac inflammatory response and cardiac fibrosis (23) . In mechanism, it was first reported in 1999 that EETs could inhibit NF-kB activation induced by TNF-a (24) . In this study, we found TPPU significantly reduced the intrapulmonary IL-1b expression. IL-1b secretion is mainly dependent on NLRP3 inflammasome. The NLRP3 inflammasome is a molecular platform activated upon signs of cellular ''danger'' to trigger innate immune defenses through the maturation of pro-inflammatory cytokines such as IL-1b and IL-18 (25) . An increasing number of researchers believe that the NLRP3 inflammasome is essential for the development of ALI induced by LPS, mechanical ventilation, hyperoxia, or burn (26) (27) (28) (29) . Inhibition of NLRP3 with various methods could alleviate ALI (30, 31) . However, the effect of EETs on activation of NLRP3 inflammasome is poorly understood. NF-kB and reactive oxygen species (ROS) are critical factors in the activation of NLRP3 inflammasome (32) . Several studies suggest that EETs both reduce ROS production and activation of the ER stress response by ROS and other factors (24, 33) . Our data indicate that TPPU and presumably EETs and possibly other epoxy fatty acids attenuate LPSinduced ALI by inhibiting the degradation of I-kB, then suppressing the activation of NLRP3 inflammasome. The effect of EETs on activation of the NLRP3 inflammasome in LPSinduced ALI will be studied in the future to fully reveal the potential molecular mechanism under its protective role in ALI.
As we know, several available sEH inhibitors are potent enough to be moved into the clinic, including TPPU (34) . The sEH inhibitor is in clinical development targeting hypertension and type 2 diabetes (35) . Pharmacological inhibition of sEH also prevents renal interstitial fibrogenesis in obstructive nephropathy (8) . What is more, no adverse reactions were observed in Phase I and IIA human clinical trials with sEH inhibitors, even when given at high doses (35) . The therapeutic index of sEH inhibitors appears large.
Taken together, the selective sEH inhibitor, TPPU, can attenuate the severity of LPS-induced ALI in mice via protective lipid EETs. We suggest that sEH is a valuable candidate for the treatment of ALI. 
